Six resonance transitions of the antiprotonic helium atom in helium gas at densities of 3ϫ10 20 -3ϫ10 21 cm Ϫ3 were studied at the antiproton decelerator ͑AD͒ of CERN. The decay rates of the daughter states of these transitions were determined either from the time distributions of the resonance spikes or from the widths of the resonance lines. Whereas most of the observed decay rates agree with theoretical calculations of Auger rates, two states, (n,l)ϭ(37,33) and ͑32,31͒, were found to have decay rates two orders of magnitude larger than predicted by these calculations. The effect of coupling with near-lying electron-excited states is considered to be the reason for the anomaly of the ͑37, 33͒ state, as pointed out by Kartavtsev et al. ͓Phys. Rev. A 61, 062507 ͑2000͔͒.
I. INTRODUCTION
The antiprotonic helium atom (p -He ϩ ) is a neutral threebody system consisting of an antiproton, an electron, and a helium nucleus ͑see ͓1,2͔, and a recent comprehensive review, including historical material ͓3͔͒. Antiprotons captured at high angular momentum have been shown to populate ''metastable'' states ͑i.e., states having lifetimes of the order of microseconds͒ with large principal and angularmomentum quantum numbers n,lϳ38. This metastability results from the drastic dependence of the Auger rate ␥ A on the lowest possible transition multipolarity L, the minimum angular momentum carried away by the Auger electron ͓4͔. Typically
for Lϭ2,3,4. ͑1͒
Antiprotons in metastable states will thus proceed to lower states via radiative transitions along the dominant cascade chain, (n,l)→(nϪ1,lϪ1), vϵnϪlϪ1ϭconst, with typical level lifetimes of 1 -1.5 s ͓4,5͔. To the extent that the approximation of Eq. ͑1͒ is valid, this radiative sequence will continue until the lowest possible multipolarity reaches a critical value Lϭ3. At this point Auger decay will dominate and the neutral atom will become a p -He ϩϩ ion, which is then immediately destroyed by Stark transitions.
We arbitrarily refer to states with Auger rates of 10 8 s
Ϫ1
or more ͑i.e., with values much larger than the typical radiative ones͒ as ''short-lived'' ones. A laser spectroscopy technique in which a transition from a metastable state to a shortlived state is stimulated as described in Refs. ͓6,7͔, has now been applied to many transitions of the p -He ϩ atom ͓8-11͔. In 2000, we applied this method to six of the seven transitions shown in Fig. 1 and Table I , using antiprotons produced at the new CERN antiproton facility, the AD ͑antipro-ton decelerator͒. The transition frequencies were determined with accuracies between 0.1 ppm and a few ppm ͓12͔. Except for the 617-nm transition ͑quantum numbers of the transitions are summarized in Table I͒ , these agreed with threebody variational calculations ͓13-17͔ within a few ppm. For the 617-nm transition, the difference from the theoretical value by Korobov ͓13͔ was 80 ppm. Moreover, its width of 20 GHz ͓widths quoted in this paper are always full width at half maximum͔ was clearly inconsistent with the usual figure  ͑1 -4 GHz͒ arising mainly from laser bandwidth. This suggested that its daughter state ͑37,33͒ had an anomalously large Auger rate with respect to Eq. ͑1͒, the contribution of which to the measured width would normally be negligible ͑10 MHz͒ for this L.
Another striking deviation from Eq. ͑1͒ appeared in the search for the 265-nm transition. We expected that the state ͑32,31͒ with Lϭ4 would be the lowest metastable one in the vϭ0 chain. However, instead of the 265-nm transition, we found the 296-nm resonance, near the theoretical wavelength 296.11 nm, proving ͑a͒ that the state ͑32,31͒ is actually short lived, and ͑b͒ that ͑33,32͒, and not ͑32,31͒, is the lowest metastable state with vϭ0.
It must be mentioned that these conclusions were drawn for certain helium target conditions ͑density 3ϫ10 20 -3ϫ10 21 cm Ϫ3 ), and that collisional effects are known to change the short-lived or metastable character of certain states ͓18͔. It is thus important to know whether such unexpected short lifetimes were caused by anomalously large Auger rate or by in fact collisional effects.
We discuss in detail below the experimental results on decay rates of daughter states for all six laser resonance tran- sitions mentioned above. The connection of Auger rate anomalies like those described above with electron-excited states ͑predicted in fact by Kartavtsev et al. ͓19͔ before the present experiments were carried out͒ will be discussed.
II. EXPERIMENTAL PROCEDURE AND DEDUCTION OF DECAY RATES
The experimental method, further details of which may be found in Hori et al. ͓12͔ , was based on the laser spectroscopy technique ͓6,7͔ used in similar experiments at the nowdefunct CERN low-energy antiproton ring ͑LEAR͒ facility. Antiproton pulses of duration ϳ300 ns, each of which contained some 10 7 particles were brought to rest in a helium gas target at a temperature of 5.5 K and pressures between 200 and 2000 mbar ͑density 3ϫ10 20 -3ϫ10 21 cm Ϫ3 ). For each transition, measurements were performed at three or four different fixed target pressures within this range. Charged pions produced by their subsequent annihilation were detected by Č erenkov counters, time spectra of these pions being recorded as analog pulses ͑''ADATS,'' for analog delayed annihilation time spectrum͒, by a digital oscilloscope ͓20͔.
When we applied a laser pulse tuned to a wavelength of a metastable to short-lived transition, a sharp peak appeared in the ADATS, the intensity ͑area͒ of which was proportional to the number of antiproton annihilations induced by the laser pulse ͓6,7͔. Spectral line profiles could then be obtained by plotting the peak intensity against the laser wavelength as this was scanned through the central transition wavelength.
Several factors contribute to the observed linewidth. They include the natural Auger width of Eq. ͑1͒ as well as Doppler and collisional broadening, and instrumental effects such as the laser bandwidth and power broadening. Most of the line profiles so far observed had widths around 1-2 GHz. This is comparable with what would be expected from the Dopplerbroadened instrumental widths alone. However, two of them, the 714-nm and 617-nm resonances had much broader resonance profiles ͑Fig. 2͒ suggesting large natural widths of the daughter states due to very fast Auger decays. The first was already known from previous experiments ͓11͔. On the assumption that its measured width is dominated by the Auger width, its fast decay rate (␥ϳ5ϫ10 11 s Ϫ1 ) was determined from the relation between the lifetime , the decay rate ␥, and the natural width ⌬,
This decay rate was in good agreement with the Auger rate expected from Eq. ͑1͒ for Lϭ2 (␥ A ϳ10 11 s Ϫ1 ). In other words, the decay rate of the ͑38,33͒ state is not anomalous.
On the other hand, the width of the newly observed resonance at 617 nm was 20 GHz. This is anomalously broad for Lϭ3 transitions, for which the value ␥ A ϳ10 8 s Ϫ1 obtained from Eq. ͑1͒ corresponds to a width of the order of 10 MHz ͑as mentioned above͒.
For these two transitions we fitted the resonance profiles with a sum of two Voigt functions. A Voigt function is a convolution of a Gaussian and a Lorentzian, thus it has four parameters, which are, Gaussian width, Lorentzian width, central frequency, and height. The two fitted functions have identical shape but their centers are separated by the hyperfine splitting ͓21͔, caused by the coupling of the electron spin and the p orbital magnetic moment.
The Gaussian width includes contributions from the laser linewidths and the Doppler broadening. Laser linewidths were determined by measurement ͓12͔ to be 3-5 GHz for these cases, while the Doppler widths were calculated assuming Maxwell-Boltzmann velocity distribution of the atoms. The Lorentzian width, then obtained from the fit could be converted to values for the natural widths/decay rates of the daughter states using Eq. ͑2͒. Table II In general, the remaining Lorentzian part includes contributions from the collisional and power broadening effects as well as the natural width. However, in both cases the Lorentzian part showed little or no change when we varied the target gas density, which means the collisional and power broadening effects were much less than 1 GHz. We consequently assumed that the natural and Lorentzian widths were approximately equal. Most of the errors come from the uncertainty of the laser linewidth and the fit error. For the remaining four resonances the daughter state Auger widths are much smaller than the instrumental widths, and do not significantly influence the observed line shape. Their corresponding lifetimes are, however, long enough to produce tails in the ADATS resonance peaks themselves. The time profile of the resonance peak intensity I(t) can be represented as a convolution of I i (t), which is the instrumental time profile of the resonance peak, and an exponential function exp(Ϫ␥t). Here I i (t) is determined by the time profile of the laser pulse ͑3-5 ns wide͒ broadened by the transient time spread of the photomultiplier tube ͑PMT͒, while the exponential function represents the decay of the daughter state with a rate ␥. Figure 3 shows the resonance peaks of five transitions. The topmost panel shows the resonance peak of the 714-nm transition discussed above. This is included to exhibit the instrumental shape I i (t) alone as its 2-ps lifetime is much smaller than the laser-pulse width. In the other four cases, tails corresponding to daughter state lifetimes of order 10 ns are superimposed on the resonance peaks following I i (t).
We deduced ␥ in these cases by fitting the convoluted function to the peaks in the small range indicated in the figure. In this range, we assumed I i (t) is approximately proportional to an exponential function with an instrumental time constant of 3-6 ns, which was determined from the specification of the PMT and Č erenkov counter. The experimental errors were calculated from the statistical errors obtained from the fitting procedure, the uncertainty of the instrumental time constant, and the deviation of the result by a shift of the fit range within Ϯ5 ns. For the state ͑38,34͒, we used the mean value of the fitting results of two transitions, 597 nm and 726 nm. For these four states, measurements were done at three or four target densities between 3ϫ10 20 and 3ϫ10 21 cm Ϫ3 , and revealed no significant density dependence of Auger rate. However, it might be interesting to see if there are dependence for far lower densities. Figure 1 shows the energy levels of antiprotonic helium atom p -He ϩ , with solid lines denoting metastable states and wavy lines denoting short-lived, or Auger-dominated ones. The metastable zone is shown on the right as in previous publications ͑e.g., ͓12͔͒, and includes energy levels corresponding to a 1s ''ground'' electron (n e ϭ1, l e ϭ0) and an antiproton with n p and l p ), of order 35. We now include on the left some of the electron-excited states (n e ϭ2,3, . . . ) lying below the n e ϭϱ, i.e., p -He ϩϩ ion states. These electron-excited states are strongly coupled to the continuum, which usually means that precise energy-level calculation is difficult. However, as the electron-excited orbits are far from those of the antiproton for n p smaller than about 40, their energies can be approximated ͓19͔ by
III. RESULTS AND DISCUSSION

A. Energy-level diagram
in atomic units. Here Zϭ2 is the atomic number of helium. The energies determined from Eq. ͑3͒ are shown in the figure ͑note, however, that the actual energies have a slight dependence on l e and are not perfectly degenerate͒. The maximum l p and l e being n p Ϫ1 and n e Ϫ1, the maximum l is n p ϩn e Ϫ2.
Since these electron-excited states have very short lifetimes, it is not normally necessary to pay any attention to them as they are not directly concerned with the metastability. This ceases to be the case when they intrude into a metastable state, i.e., when, by chance, they are close to it in energy. Among the states observed so far, this degeneracy is close enough to play a role only in the cases of the ͑37,33͒ and ͑32,31͒ metastable levels.
B. Experimental results
In Table III ͓17,19,23͔. As the radiative rate is comparatively small, the Auger rate is here by far the largest component of the total decay rate. For comparison, we also include alreadypublished data ͓18͔ on a few other states, together with their theoretical values.
Most of the measured decay rates are well clustered around the ''rule of thumb'' relation Eq. ͑1͒ between the Auger rate and its minimum multipolarity L. They are also close to more precise values from various theoretical studies. States ͑37,33͒ and ͑32,31͒ are, however, exceptional; their observed rates far exceed both those expected from Eq. ͑1͒ and the theoretical values. Let us discuss these two anomalies.
It was pointed out by Kartavtsev and co-workers ͓19,24͔ that the ͑37,33͒ antiprotonic state with the electron in ground state is strongly coupled with an lϭ33 three-body state of the configuration (32,31) p (3d) e , as they have nearly the same energy ͑cf. Fig. 5͒ . This accidental degeneracy would be expected to give the state ͑37,33͒ an anomalous nonradiative character. The admixture of the excited electronic configuration enhances the decay rate, while the dipole transition strength to this state may still be normal for ⌬vϭ⌬(nϪl Ϫ1)ϭ2. The value predicted by Kartavtsev and co-workers is in fact fairly close to our observation. Variational calculations by Korobov ͓13-15͔, Kino and co-workers ͓16,17͔, which include the above configuration mixing effects automatically, yield values that are also close to the experimental ones. Thus, the anomaly in the state ͑37,33͒ is very well explained in terms of the mixing effect of the electronexcited configuration.
The second anomaly observed for the state ͑32,31͒ is an enhancement of the decay rate of about 10 2 -10 3 over 0.1-1 s Ϫ1 which is expected for an Lϭ4 Auger transition. Although a similar configuration mixing effect has been proposed by Kartavtsev and co-workers, the decay rate anomaly has now been shown to be a collisional effect, similar to the lifetime shortening of the state ͑37,34͒ ͓18͔. In a future publication ͓25͔, we shall present evidence for the collisional origin of the enhanced decay rate at the density used in the presently described measurements, obtained by using a extremely low-density target. 
